The fhuACDB operon, present in a number of Enterobacteriaceae, encodes components essential for the uptake of ferric hydroxamate type siderophores. FhuA acts not only as transporter for physiologically important chelated ferric iron, but also as receptor for various bacteriophages, toxins and antibiotics, which are pathogenic to bacterial cells. In this research, the fhuA gene distribution and sequence diversity were investigated in Enterobacteriaceae, especially Salmonella and Escherichia.
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IMPORTANCE
The enterobacterial fhuACDB operon encodes proteins which mediate the uptake of siderophores to supply the cells with iron essential for bacterial survival. Here we show different evolutionary patterns for the fhu genes within the same operon. The fhuA has a phylogenetic tree that does not match the species phylogeny, whereas the rest of the fhu genes do. The fhuA genes showed inter-species sequence convergence and conservation within specific serovars and serotypes. Nearly all of the significant sequence differences among FhuA clusters are located in potential ligand-binding sites on the extracellular surface of fhuA-encoding receptors. The unusual fhuA clustering suggests the frequent recombination and exchange of fhuA genes between enterobacterial strains in the evolutionary state after distinctive species were established.
Our findings suggested either a new evolutionary mechanism or local gene recombination in fhuA that is in contrast to previous evolutionary hypotheses that have formed under the assumption of no recombination.
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INTRODUCTION
FhuA (ferric hydroxamate uptake protein A) is a multi-functional protein, with a total length of 747 residues in E. coli strain MG1655, including an N-terminal 33 amino acid signal peptide and the 714 amino acid mature protein sequence (1) . It represents a transmembrane receptor, residing in the outer membrane, which can mediate the uptake of ferric iron (bound to the siderophore ferrichrome) into the periplasm in a TonB-dependent manner (2, 3, 4) . Iron is essential for bacterial survival and virulence, but it is mainly present in the non-soluble ferric form, and the bioavailable concentration in the environment is often extremely low. To increase bioavailability, bacteria secrete siderophore molecules that can chelate ferric iron with high affinity (5, 6) . The iron-loaded siderophores can be recognized by bacterial membrane receptors (e.g., FhuA) and transported into periplasm. Further translocation of siderophores across the inner membrane is mediated by ABC transporters. In case of ferrichrome the transport into the cytoplasm depends on the binding protein FhuD, the integral membrane protein FhuB and the ATPase FhuC (7, and references therein). Besides the major physiological activity, FhuA is also usurped pathologically as the target for bacteriophages (T1, T5, ϕ80, and UC-1) and bacterial toxins (colicin M and microcin 25) (8) . Some antibiotics also use FhuA as the receptor, e.g., albomycin and rifamycin CGP 4832 (9, 10) .
Functional FhuA, embedded in the outer membrane, is a monomeric β-barrel protein, with its C-terminus forming 22 antiparallel β-strands and the N-terminus folded inside the β-barrel from the periplasmic side to form a cork domain (3, 11) . The cork domain further separates a pair of pockets, the larger one open to the external medium and the smaller one facing the periplasm (3) . The N-terminal portion of FhuA that contains the TonB box lies in the periplasm (4, 12, 13) . The β-strands are connected by 11 long loops at the outer surface (L1~L11) and 10 short turns in the periplasmic side (T1~T10) (3, 11) . The exact residues or motifs specifically interacting with ferrichrome within the external pocket of FhuA remain elusive, though it was found that some conserved residues in loops L3 and L11 were important for binding (3, 14) .
Ferrichrome binding induces amplified structural changes that go through the entire FhuA molecule up to the N-terminus, further signaling TonB binding and activating 5 the TonB-ExbB-ExbD transporting system to internalize ferrichrome molecules (3, 15, 16) . Other FhuA-binding molecules/ligands are also transported via the TonB-dependent pathway, except for phage T5 (15, 17) . The binding sites and specificity determinants for these components are frequently located within the external loops of FhuA. For example, loops L4, L5 and L8 are involved in binding specificity of phages T1 and φ80, L5 and L8 are important for phage T5, and L3, L4, L7, L8 and L11 are involved in the sensitivity to colicin M and antibiotics albomycin and rifamycin (14, 15) . Microcin J25 (MccJ25) binds at a similar location of FhuA as ferrichrome (18) .
In E. coli, fhuA is located within an operon fhuACDB, comprising four genes in a conserved transcription direction of fhuA, fhuC, fhuD and fhuB (19) . The protein products of fhuC, fhuD and fhuB form a complex, mediating the translocation of ferrichrome from the periplasm into the cytoplasm (20, 21, 22) . However, in other species, fhuA and fhuCDB often appear in the same operon but with different transcription order, or within different operons (23, 24, 25) . Fragmented gene sequences have been reported for fhuA frequently (26, 27) . Gene evolutionary studies also suggested positive selection in fhuA rather than fhuB, fhuC or fhuD (28, 29) .
Therefore, FhuA may have a different evolutionary route with selection pressures that are independent from the rest of the FhuC/D/B system. Moreover, FhuD and FhuB in Gram negative bacteria display a broader ligand specificity compared to that of the OM receptor proteins (such as FhuA) in that they accept and transport not only ferrichromes but also other siderophores of the hydroxamate type, e.g. aerobactin and coprogen (20) .
Despite the large amount of studies on fhuA, the mechanisms of the gene evolution and their relationship with protein function remain largely unknown. Nearly all studies have been limited to fhuA genes that are present in one or a few closely related strains. There is a lack of study on the gene distribution and sequence diversity among a large variety of bacterial strains. To partly address these points, in this research, we collected fhuA genes from a comprehensive list of Salmonella and Escherichia serovars and other close species, followed by observation of the gene distribution, sequence diversity and patterns and structure relevance. The resulting phylogenetic 6 tree of fhuA clusters did not match the expected phylogeny based on housekeeping gene sequence analysis. The fhuA genes from various Salmonella serovars were found in distinct clusters; surprisingly together with fhuA genes from other species. This suggests an exchange of fhuA genes between different enterobacterial strains at an evolutionary state after distinctive species were established. In contrast, the fhuCDB genes located in the same operon downstream of fhuA as well as other TonB dependent receptor genes follow the commonly accepted phylogenic tree which clearly separates Salmonella strains from Escherichia coli, Shigella, Citrobacter, Klebsiella strains and other isolates.
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RESULTS
The distribution and diversification of fhuA in Salmonella and Escherichia
The representative genomes of Salmonella species, i.e., S. enterica and S. bongori, and six subspecies of S. enterica, including enterica, arizonae, diarizonae, indica, salamae and houtenae were screened, with a unique chromosomal copy of fhuA being identified in each strain. The order for fhuA and adjacent genes showed high conservation among Salmonella phylogenetic clusters (Fig 1a, b) . Extended length of genomic sequences flanking fhuA showed apparent collinearity between different Salmonella genomes, further demonstrating the ancient presence of the fhuA locus in Salmonella (Fig 1c, upper) . The fhuA locus even showed high gene synteny and sequence collinearity between Salmonella and E. coli strains, indicating its existence at least before the divergence of the two genera ( Fig 1b; Fig 1c, lower) .
The phylogenetic tree was built for FhuA proteins among Salmonella strains ( Fig   1d) . Surprisingly, the topology was far different from the phylogenetic tree constructed based on a housekeeping gene, groEL (Fig 1a) . Despite poor robustness, the GroEL tree should generally reflect the evolution of Salmonella species or subspecies, with strains clustered together within the same phylogenetic group ( Fig   1a) . In the FhuA tree, however, the strains belonging to a unique phylogenetic group diverged while the ones from different phylogenetic groups clustered (Fig 1d) . In addition, the branch lengths between strains or species were very short, suggesting recent acquisition. The pattern was independent of the methods for tree reconstruction or sequence nature ( Fig S1a, b ). In contrast, patterns similar to the housekeeping gene tree were disclosed repeatedly for the trees based on other genes located in the same fhuACDB operon (Fig 1e; Fig S1c) or close to fhuA in the genome ( Fig S1d) .
The fhuA variance within a phylogenetic group was also confirmed by the protein tree reconstructed for the Escherichia genus, which included E. fergausonii and the E. coli / Shigella complex (Fig 2a) . FhuA clustered into four clearly discernible groups, totally independent of phylogenetic clustering results of Escherichia / Shigella strains based on core gene datasets or oligonucleotide composition (Fig 2a) (30, 31) . The FhuB protein tree could not form robust clusters due to the ultra-conservation of corresponding sequences ( Fig S2) . When the proteins from representative Salmonella and Escherichia strains were put together, the trees showed more striking difference between FhuA and FhuB. The FhuB tree was apparently consistent with the 8 evolutionary trace of Escherichia and Salmonella species (Fig 2b) , but the FhuA tree was clearly different (Fig 2c) .
Within-serovar/serotype conservation of fhuA in Salmonella and E. coli
There were 112 serovars of Salmonella enterica subsp. enterica with at least one strain with a sequenced genome and 66 serovars with draft genomes for two or more strains (Table S1 ; http://www.ncbi.nlm.nih.gov/genome). Two or three representative genomes were selected randomly from each serovar with multiple genome-available strains, followed by screening and clustering analysis of the fhuA gene. No complete protein-encoding frame of fhuA was detected in strains from Typhi and Paratyphi A serovars, and a within-genome check indicated the existence but premature translation termination of fhuA gene in them (Table S1 ). For serovars Mississippi, Give, Javiana, Pulorum and Johannesburg, one strain from each serovar was detected with an incomplete fhuA-encoding frame ( Table S1 ). The remaining 59 multi-strain serovars all contained a complete protein-encoding fhuA gene. An unsupervised clustering analysis demonstrated that the Salmonella FhuA proteins converged robustly into two clusters (S1 and S2) ( Fig. 3a ). For 54 of 59 serovars, the FhuA proteins from the same serovar clustered together, with serovars Bareilly, Mbandaka, Saintpaul, Senftenberg and Wandsworth being the exceptions (Fig 3a) . The within-serovar conservation was not the result of selecting only a limited number of strains from each serovar, since inclusion of all sequenced genomes of Typhimurium (41 strains), Enteritidis (58 strains), Heidelberg (23 strains), Newport (19 strains) and Anatum (13 strains) led to similar S1 and S2 clustering ( Fig. S3a ; Table S1 ). Only two strains from these larger serovars did not match the observed pattern, Typhimurium FORC 015 and Newport CDC 2010K-2159 ( Fig S3a; Table S1 ). Moreover, FhuA proteins from the serovars with a single strain whose genome was sequenced were also incorporated but no new pattern was disclosed ( Fig S3b; Table S1 ).
Inclusion of more comprehensive E. coli (or Shigella) genomes available led to more definitive identification of the four major FhuA clusters (i.e., E1, E2, E3 and E4; Fig. 3b ), as suggested previously (Fig. 2a ). The FhuA proteins of multi-strain serotypes of E. coli, including O157:H7 (19) , O145:H28 (4), O104:H4 (4) and
O25b:H4 (2), also exhibited high within-serotype conservation (Fig 3b; Table S1 ). 9 
Categorization of FhuA proteins with specific sequence features
FhuA protein sequences from the six clusters identified for Salmonella (S1 and S2) and Escherichia (E1-E4) were compared and determined to form three large groups, one with E1, S1 and E2, another with E3 and S2, and the third comprised of E4 solely (Fig. 4a ). Sequence alignment also disclosed the insertions/deletions that featured each major group (E1/S1/E2, E3/S2, E4), subgroup (E1/S1, E2) or individual cluster (E1, S1, E3, S2) ( Fig. 4b ; Table S2 ). Group E4 proteins had unique insertions in two positions termed Indel 1 (residues 297 ~ 300) and Indel 2 (residues 699 ~ 703) ( Fig 4b) . There was also a divergent fragment insertion in the same regions of Pantoea FhuA, which served as the outgroup for the phylogenetic tree (Fig 4b) . In contrast, the E1/S1/E2 FhuA proteins all had peptides inserted in two different regions termed Indel 3 (residues 361 ~ 383) and Indel 4 (residues 459 ~ 465), with apparent sequence homology between E1 and S1 rather than E2 (Fig 4c) . For the E3/S2 group, unique peptide insertions were detected at Indel 5 (residues 517 ~ 521) and Indel 6 (residues 564 ~ 568) ( Fig 4b) . The E1 and S1 (or E3 and S2) FhuA proteins had high similarity and no unique insertions/deletions could be detected between them. Amino acid substitutions were sufficient to distinguish each individual group apart, however, since the insertions/deletions were removed before constructing the clustering tree.
The distinct amino acid sequences were detected at regions termed Sub1 (residues 415 -417) between E3 and S2 and Sub2 (residues 242 -244) between E1 and S1 (Fig   4b) .
To enable a more thorough categorization for FhuA, more representative genomes of Enterobacteriaceae were screened for possible fhuA genes. Besides Escherichia, Salmonella and Pantoea, fhuA was detected in Cronobacter, Enterobacter, Erwinia, Klebsiella, Rahnella, Raoultella and Serratia (Fig 5a) . With the inclusion of sequences from these new organisms, the FhuA proteins were clustered into four major groups (I ~ IV), where E1/S1/E2 and E3/S2 belonged to Group I, E4 belonged to Group II and Pantoea FhuA belonged to Group IV (Fig 5a) .
Interestingly, the main variation for insertions/deletions among the four major groups remained in the six locations identified previously (i.e., Indel 1 ~ 6), suggesting the easy gain or loss and variation of fragments in these positions (Fig 5b) . The FhuA N-terminal region of approximately 50 amino acids was also highly variable, which represents the signal peptide sequences and the unstructured fragment (3, 11) .
However, the TonB-box was conserved ( Fig S4) . Sequences between N-terminal ~50 and 200 amino acids were more conserved than other regions. FhuA sequences with all the Indels and flanking variable amino acid positions removed or N/C-terminal fragments truncated for the N1-200 amino acids retained similar clustering patterns with original FhuA proteins, indicating the group-specific variations were not constrained to the insertion/deletion loci or specific fragments (Fig 5c) .
Structure variations in the extracellular surface of FhuA proteins
The atomic structure of FhuA from E. coli K-12 (group E1) was solved (3, 11) .
Based on the coordinates of the structure, we performed homology modeling to compute the structures of FhuA proteins from groups E2, E3, E4, S1, S2, as well as from Pantoea and Serratia. Generally, all the proteins had a similar, predicted cork-barrel structure, with cork domains showing high similarity in both sequence and structure ( Fig 6) . Interestingly, the six Indel regions previously identified were located in loops of the external pocket of FhuA that is known to face the extracellular environment, corresponding to loops L3 (Indel 1), L10 (Indel 2), L4 (Indel 3), L5 (Indel 4), L6 (Indel 5), and L7 (Indel 6) ( Fig 6a; Table S2 ). One of the key substitution regions that helped to differentiate FhuA into subgroups also happened in an external surface loop -L2 (Sub 2), whereas the other substitution region located in a linker between β-strands (T4 for Sub 1) (Fig 6a) . Few variations were observed in either cork or transmembrane barrels, or even the surface facing the periplasm, coinciding with the results of sequence alignment (Table S2 ). S1 FhuA proteins had a predicted structure that was highly similar to E1, while E2 proteins showed an insertion in L4 (Indel 3) when compared to E1/S1, causing the approaching of the domain with L3 (Indel 1) and the formation of a compact surface structure ( Fig 6B, E2 , left and right). In E3 proteins, L4 was shortened extensively, along with L5, but both L6 and L7 were elongated and formed a fused surface (Fig 6b, E3, left, middle and right). E4 proteins showed a more diverse external surface structure, which had an insertion in L3 and L10, a deletion in L4 and striking changes in loops L2, L5, L6 and L7. The loops L2 (Sub2), L3 (Indel 1) and L4 (Indel 2) became continuous forming a local surface structure ( Fig 6B, E4, left Taken together, the structure modeling analysis suggested that the diversity of FhuA sequences was represented in the structural variation in the exposed regions facing the external environment.
DISCUSSION
The fhuACDB locus showed high conservation within the genomes of Salmonella and Escherichia. Despite the fragmentation of the fhuA protein-coding frame in some serovars or strains, e.g., Salmonella serovar Typhi, the gene vestige can be well traced like the other genes within the same operon, i.e., fhuC, fhuD and fhuB. This indicates that fhuA was not likely acquired via horizontal gene transfer within the strains after The inter-genus/species common sequence clusters and mutation patterns could indicate convergent evolution of fhuA for strains living in similar environments but originating from different genera or species. It suggests for fhuA that the selection pressures based on the specific environment are stronger than taxon-conservation.
Sequence diversion of fhuA and the inter-genus/species common patterns observed are more reflected by short-fragment insertions/deletions than by single-nucleotide polymorphisms (29) . Common insertions/deletions among widely varied gene sequences from different genera or species are more likely formed via sequence recombination. However, in dn/ds based selection studies, these inserted/deleted sites are removed before further analysis (32, 33) . Moreover, the selection analysis on the fhuA gene was based on the premise of 'no recombination 13 happening in the gene' (28, 29) . Recombination Therefore, we hypothesize that recombination has occurred throughout the entire fhuA gene.
Two distinct clusters for fhuA genes in Salmonella (S1 and S2) and four distinct clusters for fhuA genes in E. coli (E1~E4) were clearly defined in our study. S1 fhuA genes are more similar to E1 and E2, S2 fhuA genes are more similar to E3, and the E4 fhuA genes appear to be more independent. When the taxa were enlarged to include more Enterobacterial species, four fhuA super clusters (I~IV) were detected.
We identified eight clear mutation hotspots in the fhuA protein sequence, corresponding to six insertion/deletion sites and two amino acid substitution fragments that mutated frequently within all the Enterobacteriaceae strains. Perhaps most interesting was that each Indel region and one of the substitution regions mapped to the apexes of FhuA surface loops ( Fig 6) . In contrast, the TonB box, β -strands and the cork showed high sequence conservation. Consequently, the predicted overall structure did not vary greatly between FhuA clusters, whereas the size and composition of outside loops varied a lot ( Fig 6) . The surface regions, especially the loops, are critical for recognition of various substrates, and determine the binding specificity (15, 14) . It needs to be verified experimentally whether the different clusters of FhuA with loop conformation changes show different binding patterns to a variety of substrates, including bacteriophages. Selection pressures based on bacteriophage binding have been observed in the past (34, 35) and we hypothesize that evolved resistance to key bacteriophages could be responsible for some of the group-specific changes in surface-exposed FhuA loops. We recently found that Yersinia leucine-rich repeat genes had frequent mutations that were constrained to maintain protein activity and overall structure (36) . Instead of random nucleotide substitutions, the amino acid codons tended to mutate with maximum parsimony (i.e., in the most straightforward and simplest way). Therefore, the observed mutations at the peptide level often showed predictable patterns rather than total irregularity (36) .
It is possible for a protein to have multiple activities, some of which may be conserved and essential for organism survival, and therefore under negative selection, while others could be placed under positive selection. Such proteins could adopt co-mutations at multiple loci to simultaneously change some function, such as alteration of a ligand-recognition motif, while still maintaining the essential activity (36) . Under these two hypotheses, the mosaic evolution patterns, the mutation loci and the possible protein activities of FhuA could be well explained and associated.
There are many more interesting but unanswered questions related with fhuA evolution. For example, the fhuA and fhuC/fhuD/fhuB genes, located in the same genomic region, show the same gene order, and were reported to form an operon sharing uniform gene regulation in E coli (or Salmonella) strains (19, 21) . However, in other species, the gene order could be disturbed, and the genes could be split into different operons (23, 24, 25) . How did the expression regulation of fhuA evolve, and what is its relationship with fhuC/D/B? We only inspected the sequence patterns of fhuA in Enterobacteriaceae, and the distribution and evolution of fhuA beyond the family are yet largely unknown. Within a bacterial genome, generally very few genes (~30) are thought to be shaped by positive selection pressure (28, 29) . Besides FhuA, other β-barrel porins, e.g., OmpF, OmpC and LamB, and iron acquisition related proteins, e.g., FepE, EntD and EntF, were also enriched in the list of proteins undergoing positive selection (28, 29) . Such extraordinary enrichment of proteins with similar structure or function suggests the significance of positive selection on these proteins. A thorough analysis on each individual protein and a comparison could possibly inspire important insights into the evolution and function of these proteins.
Finally, fhuA was annotated as 'pseudogene' in many strains (26, 27) . In the case of S.
Typhi fhuA it appears that the "pseudogene" is the result of small (one or two base pairs) deletions or insertions leading to a frame shift. Most likely, the loss of a 
Comparative genomics and phylogenetic analysis
The fhuA and neighbor genes were depicted according to their order present in their corresponding genome, to make synteny comparison among different bacterial strains. The interesting genes and their flanking sequences (100-kb each side) were also retrieved from the corresponding genomes, and PipMaker was used for collinearity analysis (37) . The proteins or genes were aligned and phylogenetic analysis was performed with MEGA6.0 (38) . Maximum likelihood or neighbor-joining method was adopted, with bootstrapping tests for 1,000 replicates.
Structure modeling and comparison
The experimentally resolved structure of E. coli FhuA was used as reference (PDB accession: 1QFF), and the structures of other FhuA proteins were predicted with PHYRE2 (39) . PyMOL was used for structure visualization, analysis and comparison (http://www.pymol.org). The typical indels or substitutions that can distinguish different FhuA clusters. Indel 1 and Indel 2 can distinguish E4 from E1/S1/E2/E3/S2 (b), Indel 3-6 can distinguish E3/S2 from E1/S1/E2; Sub 1 can distinguish E3 from S2; and Sub2 can distinguish S1 from E1. structure of different FhuA clusters (E1/S1, E2, E3/S2, E4, Pantoea, Serratia), with mutation hotspots highlighted. The overall protein structure was displayed with PyMOL in cartoon format; the mutation hostspots were shown in either cartoon or surface format.
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Table S1. FhuA patterns in Salmonella and E. coli strains. Boostrapping test score was indicated for each node. 
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